We study the influence of elastic anisotropy on nanoscale precursor textures that exist in some shapememory alloys and show that tweed occurs in the limit of high elastic anisotropy while a nanocluster phase-separated state occurs for values of anisotropy inhibiting the formation of martensite. These results are consistent with specific heat data, elastic constant measurements, and zero-field cooling or field cooling experiments in nonstoichiometric NiTi alloys. DOI: 10.1103/PhysRevLett.100.165707 PACS numbers: 64.70.Kÿ, 62.20.Dÿ, 81.30.Kf Systems exhibiting spatially inhomogeneous states are now a subject of increasing interest [1, 2] . Prototypical examples are tweed textures observed in some martensitic materials as precursors [3] to the structural transition. Tweed [4] refers to the contrast anomaly observed in TEM consisting of striations parallel to the traces of f110g planes appearing at intervals of few nanometers [5]. It originates from a static, long length scale elastic modulation of a very small strain amplitude that arises as the natural cooperative response of anisotropic long-range (elastic) interactions to local inhomogeneities [6] coupling to strain. Nanoscale precursor modulations are not exclusive to martensitic or ferroelastic systems, but instead they occur in a broad class of ferroic materials including ferromagnetic [7, 8] and ferroelectric materials [9] . The specific symmetry properties of the anisotropy determine the selected pattern.
Systems exhibiting spatially inhomogeneous states are now a subject of increasing interest [1, 2] . Prototypical examples are tweed textures observed in some martensitic materials as precursors [3] to the structural transition. Tweed [4] refers to the contrast anomaly observed in TEM consisting of striations parallel to the traces of f110g planes appearing at intervals of few nanometers [5] . It originates from a static, long length scale elastic modulation of a very small strain amplitude that arises as the natural cooperative response of anisotropic long-range (elastic) interactions to local inhomogeneities [6] coupling to strain. Nanoscale precursor modulations are not exclusive to martensitic or ferroelastic systems, but instead they occur in a broad class of ferroic materials including ferromagnetic [7, 8] and ferroelectric materials [9] . The specific symmetry properties of the anisotropy determine the selected pattern.
In cubic shape-memory alloys (SMA) the possibility of tweed is enhanced by the existence of easy shear directions along f110g planes-reflected in a low value of shear modulus C 0 -which define natural channels that propagate correlations. This is an essential feature since it circumvents the expected cutoff of correlations associated with disorder [10] . Thus, one expects that reducing the elastic anisotropy factor (A), defined as the ratio between the two relevant shear moduli A C 44 =C 0 , will inhibit the occurrence of tweed. In the case of SMA, tweed has been observed only in materials with a significant value of A. Examples are [11] Ni-Al, Cu-Zn-Al (and other Cu-based alloys), and Fe-Pd, among others. A completely different case is that of Ni-Ti which exhibits a very rich pretransitional behavior [12] but no signature of tweed striations. The diffuse TEM contrast reported in iron-doped Ni-Ti [Ni-Ti(Fe)] has been found to correspond to very small domains of the incoming phase of almost spherical shape [13] . Energy-filtering dark-field imaging techniques enable one to visualize tiny domains down to 5 nm which are not elongated in specific directions [13] . This morphology is definitely different from that responsible for the striations in the tweed contrast [14, 15] . In this case, upon cooling, the interacting domains line up and enhance the crosshatched directionality of the tweed correlations.
Murakami et al. [13] have suggested that the peculiar behavior of Ni-Ti might be due to its low value of A. Nevertheless, the role of elastic anisotropy on ferroelastic (martensitic) transitions, and specifically on the resultant microstructure, has not been explored previously. Here we use an appropriate model and systematically study the role of A. We find that there is a crossover from twinned martensite to a nanocluster phase-separated state (i.e., no twinning and no long-range order) as the anisotropy A is reduced below a certain value. This picture is corroborated by the behavior of relevant response functions: (i) The heat capacity exhibits a peak that disappears at low values of A consistent with experiments [16] on Ni-Ti(Fe). (ii) The elastic constant C 0 shows a qualitatively different temperature behavior at high and low anisotropy in agreement with experiments [17] on Ni-rich Ni-Ti. (iii) We have also obtained a different elastic behavior in the field cooling (FC) (stress) versus zero-field cooling (ZFC) (no stress) simulations in excellent agreement with recent experimental data reported in [18] . All these results suggest that the nanocluster phase-separated state found at low temperatures and at low values of A shares several features with structural glasses. Note that similar ideas may be applicable to the high-temperature superconductors and colossal magnetoresistance materials where nanoscale phaseseparated states (albeit of other degrees of freedom such as charge or orbital ordering) have been discussed in the literature [1, 2] .
We consider a 2D Ginzburg-Landau free energy for square-to-rectangular structural transitions which includes local coupling to disorder [19] [20] [21] . The symmetry adapted strains [22] e 1 , e 2 , and e 3 stand, respectively, for hydrostatic, deviatoric, and shear modes. Here, e 2 is the order parameter (OP) while e 1 and e 3 are (secondary) non-OP strains. The three strain components are not independent because they are obtained as derivatives of the same under-lying displacement field. The free-energy density is written as the summation of three contributions: fe 1 ; e 2 ; e 3 f h e 2 f grad re 2 f non-OP e 1 ; e 3 . The first is the homogeneous Landau part accounting for the required nonlinearities in the OP and for local coupling to inhomogeneities through the harmonic coefficient. The spatial inhomogeneities are described by a static perturbing field, corresponding to quenched-in disorder, for instance, statistical compositional fluctuations, always present in alloys. Here f grad is the Ginzburg (gradient) term responsible for the interface energy in the OP. Finally, f non-OP is the contribution due to the non-OP components of the strain that we assume to be harmonic. Namely, f h e 2 . Here A 1 C 11 C 12 is the bulk modulus and A 2 C 11 ÿ C 12 2C 0 and A 3 4C 44 are elastic constants associated, respectively, with deviatoric and shear modes. A 2 2C 0 is expected to partially soften with temperature. Moreover it depends on the disorder through A 2 T; r T T ÿ T c r, where T c is the lower stability limit of the hightemperature phase in the clean limit and r is a random variable Gaussian distributed around zero and with spatial correlations described by an exponential pair correlation function. Note that this kind of coupling has the effect of producing a distribution of local transition temperatures. Here and are elastic nonlinearity parameters.
The strain tensor components must satisfy compatibility constraints in order to ensure the lattice integrity. Formally they are expressed through the Saint-Vénant equation that links the different components of the (symmetric) strain tensor [21] . After minimization of the total free energy with respect to e 1 and e 3 and taking into account the compatibility condition [21] one obtains that f non-OP has the form f non-OP R e 2 rUr ÿr 0 e 2 r 0 dr 0 , where Ur ÿr 0 is the compatibility potential. Notice that whereas the non-OP contribution is local when expressed in terms of e 1 and e 3 , it becomes nonlocal when expressed in terms of e 2 . This is precisely the reason that local perturbations have large-scale effects. The potential Ur ÿ r 0 is anisotropic and decays as 1=r 2 providing the longrange interaction between transformed regions. This can be seen more easily in k space [20] ,
which makes it clear why crosshatched correlations along the diagonals k x k y are favored. Such correlations are more likely and stronger for larger values of A 3 whereas, formally, they vanish when A 3 ! 0. We point out that such correlations are at the origin of both tweed textures and martensitic twins. In reduced units, the numerical values of model parameters can be expressed as 0:324=l (they are the same as used in [20] and are fixed from experimental data for Fe-Pd). We set , T c , and T equal to unity, leading to a length scale of l 0 0:239 25 nm. Hereafter the correlation length for the disorder is held fixed to 20l 0 and we perform the present study as a function of the elastic anisotropy factor A C 44 =C 0 A 3 =2A 2 by changing the value of A 3 (at constant T, A A 3 ) but keeping constant the ratio A 3 =A 1 2. We have checked that variations of this value do not modify our findings qualitatively. Simulations have been carried out on a square lattice of linear size L 10 3 l 0 , discretized on a 512 512 mesh, subjected to periodic boundary conditions. Starting from a given initial configuration, we use purely relaxational dynamics in order to obtain stabilized configurations. Averages have been carried out over a sufficiently large number of independent realizations of the disorder. Figure 1 shows snapshots of representative configurations obtained as a function of T for three different values of A 3 . At the right side of each configuration we have plotted the local strain distribution averaged over 10 different realizations of the disorder. In the high-temperature phase and for the three values of A 3 the distribution is single peaked around zero strain. In spite of some differences, when decreasing T this peak evolves towards a twopeak distribution corresponding to the two possible values of the OP. Nevertheless, only for the largest value of A 3 [column (I)] the configuration shows the characteristic twinned martensitic structure. This is consistent with the fact that for a given value of T the anisotropy A decreases from left to right and the system loses directionality when decreasing the value of A 3 . Interestingly, for the smallest value of A 3 [column (III)] we obtain a nanocluster phaseseparated state. Tweed textures can be observed in case (I) at intermediate temperatures above the phase transition T t ' 1.
To confirm the above picture we have studied the behavior of several response functions in the above model. 
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The upper panels of Fig. 2 show the temperature dependence of the energy density f (right axis) and the heat capacity C (left axis) for the same three values of A 3 . The behavior is compared with that obtained from the transformed fraction (right axis) and its first derivative 0 d=dT (left axis), displayed in the lower panels. It is worth noting that, for each value of A 3 , both C and 0 exhibit anomalies at the same values of T. For the largest value of A 3 [column (I)], C shows a broad bump and a sharp peak around T & 1. The bump is associated with the development of tweed precursors whereas the peak is a signature of the structural transition to the twinned phase (martensite). In case (II), C shows a smoother and lower peak that can be observed over the bump at T ' 0:75. This peak is related to the low temperature stability limit of the high-temperature phase. This is in agreement with the remaining small peak centered at zero observed in the local strain distribution at T ' 0:75 and shown in Fig. 1 . In case (III) only the smooth bump associated with nanoclusters of the phase-separated pattern is observed. In any case, notice that some amount of the high-temperature phase remains down to the very low temperature (''retained austenite''; see Fig. 1 ). Figure 3 shows the behavior of C for several values of A 3 ranging from A 3 0 to A 3 10. The observed general trends are those described above and the peak shifts to lower temperatures as A 3 decreases. This is due to the first order character of the transition and to the fact that these simulations have been performed by cooling from the hightemperature phase, in order to reproduce the standard experimental procedure. Nevertheless, we have performed a few simulations by heating the system from the lowtemperature initial configuration and found that the shifting of the peak is now towards higher temperatures thus confirming that it is related to the limit of metastability. Notice that only for values of A 3 * 1 the peak can be associated with the structural transition, accompanied by the development of long-range order (twinned structure). For values of A 3 & 1 the peak is associated with the stability limit of the high-temperature phase and rapidly goes to zero as A 3 ! 0. This can be seen in the inset of Fig. 3 where we have plotted the peak temperature as a function of A 3 . We emphasize that comparable anomalies have been found experimentally [16] in Ni-Ti(Fe) alloys, where an increase in Fe content diminishes and shifts the peak in C to lower temperatures. In particular, it is found that for 6 at. % Fe, no signature of peak in C is observed and the transition is suppressed. alloys [17] . In summary, disorder is important since the main results are a consequence of a competition or cooperation between two factors: the long-range anisotropic interactions [mediated by Uk in Eq. (1)] and the quenched-in disorder. For large values of the elastic anisotropy A tweed is obtained above the transition temperature T t as a cooperative phenomenon between the two. Instead, below T t , Uk provides the system with an easy channel to optimize the total free energy by means of inducing strain correlations along the diagonals and thus giving rise to twin boundaries: this is a clear triumph of anisotropy over disorder. Nevertheless, for low values of A the potential Uk is weak and thus fails the system to achieve its twinned state. Therefore, the only way for the strain to stabilize is to create domains (''ramified droplets'') that accommodate it according to the disorder of the system. Thus, the specific patterns obtained can depend on the characteristics of the disorder. In fact, in this case the existence of two martensitic variants (e 2 e) with the same energy implies the existence of a large number of configurations of similar energy. Only the gradient term favors the growth of the domain size, but mostly the energy barriers at the boundaries of different variants are too high for the system to overcome. At this point, frustration arises as a consequence of the disorder, so that the system anchors itself in a frozen metastable state. Eventually, dynamics could become extremely slow, resulting in a glassy behavior as reported by Sarkar et al. [17] . These features are also reflected in the calculated response functions. The behavior of the heat capacity C clearly highlights the main results of our model. The shift in the peak can be understood in terms of the potential energy. According to Eq. (1) the long-range anisotropic potential Uk is a nonlocal extra contribution to the harmonic term. Thus, it has an influence on T c : a drop in the weight of this term would imply a drop in the effective T c , as shown in the inset of Fig. 3 . Finally, for very low anisotropy we obtained a glassy behavior consistent with recent ZFC and FC experiments [18] .
Note that in a broad class of functional materials (including high-temperature superconductors and colossal magnetoresistance manganites [1, 2] , ferromagnets [7, 8] and ferroelectrics [9] ) a clear dependence of their properties on the intrinsic inhomogeneities has been found, and where strain and disorder play a key role. Sometimes these inhomogeneities even give rise to entirely new properties, absent in pure materials. In line with this general observation, both the SMAs Fe-Pd and Ni-Ti considered here drastically change their behavior when the composition is varied slightly [17, 20] . A rich behavior landscape, tweed, suppression of the martensitic transformation, emergence of new structures and glassy behavior, has been found, which has been observed in experiments and is a signature or consequence of such ferroic inhomogeneities.
